The effect of zinc gluconate on the corrosion inhibition of carbon steel DIN RSt 37-2 in various water types has been evaluated using Tafel polarization and scanning electron microscopy techniques. Experiments were performed using 6 types of water, namely, soft tap water from Dubrovnik region, hard tap water from Zagreb region, 3.5% sodium chloride solution, sea water from Dubrovnik region, biologically inert sea water from Dubrovnik region and demineralized water. The concentration of zinc gluconate varied from 0.1 to 3 gl -1
Introduction
Gluconic acid and its salts (sodium, calcium and zinc gluconate) are known to be convenient corrosion inhibitors for carbon steel in many applications, particularly as scaling and corrosion inhibitors in cooling water systems [1] [2] [3] [4] [5] [6] . They are environmentally suitable non-toxic compounds having also useful applications in medicine. For example, calcium gluconate is used as a health strengthening substance as well as for the treatment of calcium deficiency. Zinc gluconate is used for common cold treatment and for better wound healing. A number of recent studies have been carried out on the efficiency and the mechanism of the gluconate corrosion inhibition either as single compound or in a mixture [2, 3, [7] [8] [9] [10] [11] [12] [13] [14] [15] . The efficiency of gluconate inhibition depends on inhibitor concentration, pH value and chemical composition of investigated solution, the nature of cations introduced in the solution as gluconate or already present in water and the state of the metal surface [11, 16] . Gluconates are part of the successful commercial corrosion inhibitors and are recommended in mixture with water soluble polymeric dispersant, organophosphonate and silicate [17] . In previous researches the anodic inhibition mechanism of mild steel corrosion using sodium gluconate has been shown [18, 19] . The influence of bivalent ions (Ca 2+ and Zn
2+
) on the decrease of the cathodic reaction rate was recognized in solutions of their gluconate salts. This inhibition of the cathodic reaction can be attributed to the formation of calcium and zinc hydroxides or a sparingly soluble metal gluconate complex formed on the cathodic areas in the presence of air. After anodic polarization of iron sample in sodium boron gluconate solution, boron gluconate has been detected by Auger analysis incorporated in protective oxide layer of the iron sample and not directly on the metal surface [19] . Several mechanisms of corrosion inhibition by gluconate were proposed. It is speculated that gluconate can repair the oxide film by adsorption on the exposed metal surface in weak spots of porous oxide film. Gluconates can be incorporated in the oxide film during its formation and/or gluconate are forming more or less soluble complexes that can be precipitated on the metal surface [11] . A successful inhibition of mild steel and zinc was obtained in the seawater and solutions containing different chloride concentrations by zinc gluconate [18, 20, 21] . Since the seawater and different brines are increasingly used in industrial practice (cooling water systems, desalination plants, injection water) due to the both economical and ecological grounds, these results are of considerable practical application. Gluconates are suitable for applications in hard waters due to their sequestering properties. The mixture of sodium gluconate with boric acid has been shown to prevent the precipitation of multivalent ions, such as Ca 2+ , Mn 2+ and Cu 2+ from hard waters by complexing [16] . The aim of this research was to systematically evaluate and compare the effect of zinc gluconate concentration on corrosion inhibition of carbon steel in various water types and to estimate optimal concentrations of zinc gluconate required for satisfactory inhibition.
Experimental
All experiments were performed using carbon steel specimen DIN RSt 37-2 of following composition: C 0.17%, P 0.05%, S 0.05%, N 0.007% (working electrode with a 1 cm 2 area). Before measurements the specimen was polished with emery paper (400, 600, 800 and 1200 grade) degreased with ethanol and rinsed with demineralized water. Afterwards the working electrode was immersed in electrochemical cell containing 600 ml of investigated medium. All experiments were performed at ambient temperature (22 l 2 8C). pH values of investigated media were measured using pH meter Mettler Toledo, SevenMulti. The electrochemical cell was equipped with graphite auxiliary electrode and a reference saturated calomel electrode which was connected to the working electrode over Luggin capillary. Electrocemical measurements were performed on Potentiostat/Galvanostat EG&G PAR, Model 273 A using software SoftCorr III. The open circuit potential (OCP) was measured as a function of time in order to understand the corrosion behavior of the sample in the electrolyte. A soon as the sample was immersed into the electrolyte, the initial potential of the sample was noted and monitored as a function of time until the sample attained a constant potential E corr (typically 30-60 min). Afterwards, linear polarization method was applied (from -20 mV to +20 mV, polarization rate 0.166 mVs -1 ) in order to calculate the value of polarization resistance (R P ). Finally, the method of quasi potentiostatic polarization or the Tafel extrapolation method was carried out recording polarization curves in the range l 250 from the corrosion potential (E corr ) with a polarization rate 0.1666 mVs -1 . From Tafel polarization curves following corrosion parameters were calculated: the corrosion current density (j corr ) and corrosion rate (v corr ). The inhibition efficiency (Z) was calculated using equation (1) .
Experiments were performed on 6 different water types: soft tap water from Dubrovnik region (STW), hard tap water from Zagreb region (HTW), 3.5% NaCl solution (demineralized water with addition of NaCl) and sea water from Dubrovnik region (SW). Five different zinc gluconate (ZG) concentrations (0.1, 0.5, 1, 2 and 3 gl -1 ) were investigated on each water type and compared to unprotected steel. The compositions of described water types are presented in Tab. 1. Additionally, experiments with optimized ZG concentrations were performed on demineralized water (DW) and biologically inert sea water from Dubrovnik region (ISW). ISW was prepared by boiling sea water for 10 minutes. Afterwards, ISW was cooled down to a working temperature. Zinc gluconate salt was used as corrosion inhibitor for electrolyte (media) preparation (p.a. Alfa Aesar). For weighting a Kern ABS 220-4 balance was used. After electrochemical measurements, the surface of the steel specimen was observed and photographed using stereomicroscope Leica MZ6 (low amplification).
Topography and elemental composition of the steel specimen was determined using scanning electron microscope VEGA TES-CAN TS 5136 MM equipped with EDX analyzer (Oxford Instruments INCA energy dispersive spectroscopy) after experiment without the inhibitor addition in SW and after experiment with 1 gl -1 ZG addition.
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The effect of ZG on corrosion inhibition in soft tap water (STW)
The effect of ZG concentration on protective properties of carbon steel in soft water was evaluated using 5 different ZG concentrations (0.1, 0.5, 1, 2 and 3 gl -1 ). In order to evaluate inhibitor performance an experiment without ZG addition was also performed. Tafel polarization curves for the above mentioned concentrations are presented in Figure 1 and compared to unprotected steel. The values of corrosion parameters evaluated from electrochemical studies (E corr , v corr , j corr , R P , Z) as well as pH values of investigated media are given in Tab. 2. All employed ZG concentrations have tendency to shift E corr value in the positive direction when compared to uninhibited curve. Likewise, all employed ZG concentrations significantly reduce the corrosion rate of carbon steel in STW. Also, R P value increases with the increase of applied ZG concentration. Relatively high pH value and reduced protective cation content make this water type very corrosive (0.26 mmy -1 ), Figure 2 , Tab. 1. However, even the lowest applied inhibitor concentration (0.1 gl -1 ZG) decreases pH value towards the neutral region and significantly reduces corrosion rate (efficiency at given concentration is 87.25%). The increase of applied inhibitor concentration (0.5 gl -1 ZG) further reduces corrosion rate (96.93%). The maximal efficiency is achieved at 1 gl -1 ZG (98.39%, 0.0042 mmy -1 ) and further increase of the inhibitor concentration has no significant effect on the corrosion rate. Surfaces of the carbon steel specimens after electrochemical research in STW with (1 gl -1 ZG) and without inhibitor addition are presented in Figure 2 . Substantial layer of corrosion products can be seen on steel carbon specimen from the uninhibited medium, whereas the protected specimen had a clean surface without visible signs of corrosion products. Considering the fact that Tafel curves have a tendency to move towards the positive potential values with the increase of inhibitor concentration, it can be concluded that ZG acts predominately as an anodic inhibitor in this water type, Figure 1 . However, the lowest applied concentration hasn't showed this tendency. ZG is in fact mixed type inhibitor and this is particularly expressed at lowest applied concentration. The effect of ZG concentration on protective properties of carbon steel in hard water was evaluated using 5 different ZG concentrations (0.1, 0.5, 1, 2 and 3 gl -1 ). Tafel polarization curves for above mentioned concentrations are presented in Figure 3 and compared to unprotected steel.
The values of corrosion parameters evaluated from electrochemical studies (E corr , v corr , j corr , R P , Z) as well as pH values of investigated media are given in Tab. 3. Similar to previous research in STW, all employed ZG concentrations have tendency to shift E corr value in positive direction when compared to uninhibited curve and significantly reduce corrosion rate of carbon steel in HTW. Corrosion rate reaches its minimum at 1 gl -1 ZG whereas higher applied inhibitor concentrations slightly increase corrosion rate. The increase of applied inhibitor concentration increases the R P value, with the exception of 3 gl -1 ZG which exhibited minor decrease of R P value. Near neutral pH value and high protective cation content make this water type less corrosive (0.095 mmy -1 ) when compared to STW, Tab. 1. The lowest applied inhibitor concentration (0.1 gl -1 ZG) considerably reduces corrosion rate (47.37%). Corrosion rate reduction is not pronounced as it is in STW. The increase of applied inhibitor concentration (0.5 gl -1 ZG) further reduces corrosion rate (92.9%). The maximal efficiency is achieved at 1 gl -1 ZG (96.68%, 0.0032 mmy -1 ) and further increase of inhibitor concentration decreases the inhibitor efficiency. Generally it can be drawn that relative corrosion rate reduction (regarding to uninhibited medium) is more pronounced in STW but accomplished corrosion rates in absolute terms are lower in HTW. Surfaces of the carbon steel specimens after electrochemical research in HTW with (1 gl -1 ZG) and without inhibitor addition are presented in Figure 4 . Corrosion product formation is visible on steel carbon specimen from uninhibited medium, whereas a protected specimen is homogenous and mainly corrosion product free. Similar to experiments in STW, Tafel curves have a tendency to move toward positive potential values with the increase of inhibitor concentration, Figure 3 . Therefore it can be concluded that ZG acts predominately as anodic inhibitor in this water type.
The effect of ZG on corrosion inhibition in 3.5% NaCl solution
The effect of ZG concentration on protective properties of carbon steel in 3.5% NaCl solution was evaluated using 5 different ZG concentrations (0.1, 0.5, 1, 2 and 3 gl -1 ). Tafel polarization curves for the above mentioned concentrations are presented in Figure 5 and compared to unprotected steel. The values of corrosion parameters evaluated from electrochemical studies (E corr , v corr , j corr , R P , Z) as well as pH values of investigated media are given in Tab. 4. Similar to previous researches in tap waters all employed ZG concentrations have tendency to shift the E corr value in positive direction when compared to uninhibited curve and to reduce the corrosion rate of carbon steel in 3.5% NaCl solution significantly. The optimal efficiency is achieved at 1 gl ) as further increase of the inhibitor concentration has no significant effect on the corrosion rate. The lowest applied inhibitor concentration (0.1 gl -1 ZG) had minor effect on polarization resistance (R P ). Other applied ZG concentrations considerably increase R P value (relative to uninhibited value), whereat those R P values remain approximately constant. The ZG application in this concentration range has no significant effect on pH value, thus this type of medium is well buffered as opposed to tap waters. On the other hand, high chloride content is the main reason for high corrosiveness (0.193 mmy -1 ) of this medium. The lowest applied inhibitor concentration (0.1 gl -1 ZG) moderately reduces the corrosion rate (48.4%). Corrosion rate reduction is not as pronounced as in experiments on tap waters. The increase of applied inhibitor concentration (0.5 gl -1 ZG) considerably reduces the corrosion rate (89.78%). Concentration of 1 gl -1 ZG reaches 92.36% efficiency (0.01474 mmy -1 ) and corrosion rate is not influenced significantly by a further increase of ZG concentration. Surfaces of the carbon steel specimens after electrochemical research in 3.5% NaCl solution with (1gl -1 ZG) and without inhibitor addition are presented in Figure 6 . Colored corrosion product formation is visible on steel carbon specimen from uninhibited medium, whereas protected specimen is more homogenous and contains less corrosion products. Similar to experiments in tap waters, Tafel curves have a tendency to move toward positive potential values with the increase of inhibitor concentration, Figure 5 . However, this tendency is less expressed for the lowest applied ZG concentration. Therefore it can be concluded that ZG acts predominately as an anodic inhibitor in this water type. However, ZG also shows, to some extent, properties of mixed type inhibitor. In this particular case the effect of zinc cations (the effect on the cathodic reaction) is more prominent and is most obvious at 0.1 gl -1 ZG (similar to experiments accomplished in STW).
The effect of ZG on corrosion inhibition in sea water (SW)
The effect of ZG concentration on protective properties of carbon steel in sea water was evaluated using 5 different ZG concentrations (0.1, 0.5, 1, 2 and 3 gl -1 ). Tafel polarization curves for the above mentioned concentrations are presented in Figure 7 Figure 6 . Surface of the carbon steel specimens after electrochemical measurements in 3.5% NaCl solution Bild 6. Oberfläche der Kohlenstoffstahlproben nach den elektrochemischen Messungen in einer 3.5% Natriumchloride Lösung eters evaluated from electrochemical studies (E corr , v corr , j corr , R P , Z) as well as pH values of investigated media are given in Tab. 5. Similar to the researches in STW, HTW and 3.5% NaCl solution all employed ZG concentrations have a tendency to shift the E corr value in positive direction when compared to the uninhibited curve and significantly reduce corrosion rates of carbon steel in sea water. With the increase of applied ZG concentration R P values are increasing too, and pH values are decreasing towards neutral pH. High chloride content makes sea water very corrosive (0.188 mmy -1 ). The lowest applied inhibitor concentration (0.1 gl -1 ZG) significantly reduces corrosion rate (73.63%) as opposed to the previous experiment with 3.5% NaCl. The increase of applied inhibitor concentration (0.5 gl -1 ZG) doesn't effect corrosion rate (73.2%) and concentration of 2 gl -1 ZG reaches efficiency of 88.22% (0.02214 mmy -1 ) which is not changing significantly by a further concentration increase. Surfaces of the carbon steel specimens after electrochemical research in sea water with (1 gl -1 ZG) and without inhibitor addition are presented in Figure 8 . In uninhibited medium bulk corrosion product is visible on whole exposed surface of carbon specimen, whereas protected specimen is more homogenous and contains less corrosion product. Similar to experiments performed in 3.5% NaCl solution, Tafel curves have a tendency to move toward positive potential values with the increase of an inhibitor concentration, Figure 7 . This tendency is less expressed at the lowest ZG concentration. Therefore it can be concluded that ZG acts predominately as an anodic inhibitor in sea water, although the effect of zinc ion on overall inhibitor efficiency is also expressed. In Figure 9 the scanning electron micrograph of the surfaces of unprotected and protected carbon steel specimens in sea water, and results of EDX analysis after electrochemical measurements are shown. The difference between samples is evident, unprotected sample exhibits distinctively non-homogenous surface with cluster of corrosion products. For same sample EDX analysis confirmed the presence of characteristic corrosion indicators (O, S, Cl). The protected sample had a surface of satisfactory homogeneity, without considerable corrosion formation. EDX analysis confirmed presence of Zn 2+ ions which are presumably incorporated in the protective layer of carbon steel specimen.
The effect of ZG on corrosion inhibition in demineralized water (DW)
The effect of ZG concentration on protective properties of carbon steel in demineralized water was evaluated using 2 different ZG concentrations (0.5 and 1 gl -1 ). Tafel polarization curves for the above mentioned concentrations are presented in Figure 10 and compared to unprotected steel. The values of corrosion parameters evaluated from electrochemical studies (E corr , v corr , j corr , R P , Z) as well as pH values of investigated media are given in Tab. 6. As expected, corrosion rate in uninhibited DW was the lowest among investigated water types. All employed ZG concentrations have a tendency to shift E corr value in positive direction when compared to uninhibited curve and significantly reduce corrosion rate of carbon steel in DW. Inhibitor concentration of 0.5 gl -1 ZG considerably reduces corrosion rate (88.93%). The increase of applied inhibitor concentration (1 gl -1 ZG) further reduces corrosion rate (96.62%). Surfaces of the carbon steel specimens after electrochemical research in DW with 0.5 gl -1 ZG and without inhibitor addition are presented in Figure 11 . Corrosion product formation is slightly visible at the edges (contact surface) on the steel carbon specimen from the uninhibited medium, whereas the protected specimen is homogenous and corrosion product free. Similar to experiments in tap waters, Tafel curves have a tendency to move towards a positive potential values with the increase of inhibitor concentration, Figure 10 . Therefore it can be concluded that ZG acts predominately as an anodic inhibitor in this water type. 
The effect of ZG on corrosion inhibition in biologically inert sea water (ISW)
The effect of ZG concentration on protective properties of carbon steel in biologically inert sea water was evaluated using 2 different ZG concentrations (1 and 2 gl -1 ). Tafel polarization curves for the above mentioned concentrations are presented in Figure 12 and compared to unprotected steel. The values of corrosion parameters evaluated from electrochemical studies (E corr , v corr , j corr , R P , Z) as well as pH values of investigated media are given in Tab. 7. Inert sea water has higher pH value than ordinary sea water, which is the result of CO 2 evaporation and thermal breakdown of organic acids originated from microbial metabolism, Tabs. 5 and 7. Since corrosion rate in ISW is considerably lower than in SW, those circumstances, along with O 2 elimination during heating and boiling of the sea water could be crucial for corrosion rate decrease. In order to clarify the role of organic acids on corrosion rate, ultrafiltered sea water could be employed in future research. All employed ZG concentrations have a tendency to shift E corr value in the positive direction when compared to uninhibited curve without considerable differences between employed concentrations and significantly reduce corrosion rate of carbon steel in ISW. An inhibitor concentration of 1 gl -1 ZG considerably reduces corrosion rate (80.21%). The increase of applied inhibitor concentration (2 gl -1 ZG) further reduces corrosion rate (89.14%). Those values are highly similar to results obtained in sea water. Surfaces of the carbon steel specimens after electrochemical research in ISW with 2 gl -1 ZG and without inhibitor addition are presented in Figure 13 . In uninhibited Figure 11 . Surface of the carbon steel specimens after electrochemical measurements in DW Bild 11. Oberfläche der Kohlenstoffstahlproben nach den elektrochemischen Messungen in DW medium corrosion product is visible on whole exposed surface of carbon specimen, whereas on protected specimen corrosion is more localized and restricted to certain areas of steel specimen. Tafel curves have a tendency to move towards the positive potential values but with the increase of inhibitor concentration this tendency is diminished. Figure 12. 
Conclusions
In conclusion it can be stated that ZG is an effective corrosion inhibitor for carbon steel in all investigated water types. Nevertheless, the mechanism and the extent of ZG protective properties are highly dependent on water type. The main parameters that influence ZG efficiency are chloride content, pH value, water hardness and content of protective cathions already present in water (mainly Ca 2+ and Mg
2+
). Chloride content has a prevailing effect on the mechanism of ZG inhibitive action. In all investigated water types ZG inhibition is predominately obtained by blocking the anodic reaction. Nevertheless, at the lowest applied ZG concentration (0.1 gl -1 ), especially in high chloride environment it becomes evident that ZG inhibition effect is observable on cathodic sites too. The detrimental effect of chlorides on the anodic sites aggravates formation of gluconate protective film formation, which makes cathodic inhibition by Zn 
